Plants in the genus Flaveria assimilate atmospheric C02 through different pathways including C3, C3-C4 and C4 photosynthesis (6) . Though classified as a typical C4 species in the past (1, 25) , Flaveria brownii is now considered to be C4-like (5, 13) in that it incorporates a significant portion of the atmospheric C02 by an active C3 pathway present in mesophyll cells (5) . While possessing well differentiated Kranz cells (5, 15) , it lacks complete compartmentation of key enzymes in both the C3 and C4 pathways (2, 5, 13, 26) , and exhibits substantial 02 inhibition of AP3 and quantum yield (5, 20) . Recently some evidence has been presented to suggest that the expression of certain C4 characteristics in F. brownii is under environmental control (13, 17) . The activities of PEPC and especially PPDK in F. brownii were higher in plants grown under high light with a long photoperiod than those grown under low light with a short photoperiod (13) . Furthermore, when grown in a greenhouse during summer (under high light, high temperature, and a long photoperiod) leaves of F. brownii exhibited a 613C value of -14.5%o, typical of C4 plants; but, when grown during winter (under low light, low temperature, and a short photoperiod) the leaf 13(C value shifted to -21 %o (17) , which is intermediate to values of C3 and C4 species (-25 to -35%o versus -10 to -17%o) (9) . However, in another study Monson et al. (21) found no difference in carbon isotope composition in greenhouse grown F. brownii with leaf samples collected in March and July. Leaf photosynthetic characteristics are dependent upon the incident light received during growth (3) . Studies with leaves ofmaize and Amaranthus indicate that high growth irradiance increases the activities ofseveral key C4 enzymes, and changes both the maximum photosynthetic rates and the light-saturation characteristics of leaves (10) . However, '4C02-labeling experiments provided no evidence for significant changes in the pathway of photosynthesis in either species grown under high or low light regimes (10) . Environmental variables such as light and temperature generally exert little influence on leaf 5'3C during growth of C3 and C4 plants, there being only a few species with values shifted by as much as 2%o (12, 23) . The shift of carbon isotope composition (by 6.5%o) between winter and summer growth conditions suggests that the mode of photosynthesis in F. brownii may be altered by environmental conditions. However, the specific environmental factor(s) responsible for this alteration is not known. In this study, light intensity during growth was examined as a possible factor contributing to such a change in photosynthetic pathway. 
CO2 Gas Exchange Measurement
F was determined following procedures described by Rumpho et al. (27) . Intact leaves were sealed in a plexiglass chamber and illuminated with a PPFD of either 240 or 1150 ME m-2 s'. Gas samples were withdrawn from the chamber and injecd into an IR gas analyzer to determine the [C02] at equilibrium.
AP of whole leaves was measured with an open IRGA systems as described previously (18) . PPFD inside the leaf chamber was either 300 or 1650 ME m2 s-'. The CO2 concentration in the leaf chamber was maintained at 330 ± 5 ,L L`and the 02 level was either 2 or 21%. The gas mixtures were generated using Wosthoff pumps by mixing gases from cylinders containing 1% CO2 in N2 and 2 or 21% 02 in N2.
All CO2 exchange measurements were conducted at 30 (16) . The NADP-MDH in the whole leafextract was fully activated by DTE under an atmosphere of N2 (22) . Rubisco (EC 4.1.1.39) was measured radiometrically using NaH'4CO3 (19) . Aspartate (:2-oxoglutarate) aminotransferase (EC 2.6.1.1) and alanine (:2-oxoglutarate) aminotransferase (EC 2.6.1.2) were assayed following procedures described by Edwards and Gutierrez (7). All reaction rates were linear for 2 to 6 min, and the enzymes used in all coupling assays were verified to be nonlimiting.
14C02 Labeling and "4C-Product Identification
14C02-labeling experiments were conducted with excised, whole leaves. After the indicated times ofcontinuous exposure killed in boiling 80% (v/v) ethanol. The conditions and procedures for these experiments followed those of Moore et al. (22) . Soluble '4C-products were extracted from leaves as described by Rumpho et al. (27) , with the radioactivity in the final insoluble fraction being less than 3%. Labeled metabolites were separated and identified by two-dimensional thinlayer electrophoresis and chromatography on cellulose plates, according to Schiurmann (28) . Recovery of radioactivity from the plates was essentially 100%. '4C-label in glycerate was counted with that in 3-phosphoglycerate.
Chi Measurement.
Chl contents were determined according to Wintermans and De Mots (32) .
RESULTS

CO2 Gas Exchange Characteristics
When measured at a light intensity of either 240 or 1150 ME m-2 s-', r of F. brownii was lower (3-5 ML L-l) in leaves grown under high light than in leaves developed under low light (10-12 ML L-l) ( Table I ). The light intensity used during measurement (240 versus 1150 AE m-2 s-') had no apparent effects on r in leaves of F. brownii from either light regime. These data indicate that apparent photorespiration in this species is lower when plants are grown at the higher light intensity. In contrast, there was no effect of different light intensities during growth on F ofseveral other Flaveria species including C3, C3-C4, and C4 species (Table I) . However, r in the two C3-C4 species from both light regimes decreased as the measuring light intensity increased, similar to those reported previously for C3-C4 species from other genera (4, 14) .
The degree of inhibition of AP by 21% 02 in F. brownii was also influenced by the light intensity during growth. In (Table II) .
Activities of Photosynthetic Enzymes in Whole Leaves
The activities ofvarious enzymes ofthe C3 and C4 pathways of photosynthesis were found to be lower in low light grown plants than in high light grown plants (Table III) . Depending on the enzyme, the decrease ranged from about 20 to 60% on a Chl basis or about 10 to 50% on a leaf area basis. Notably, activities of PPDK, PEPC, and NADP-MDH were suppressed the most, while the activity of aspartate aminotransferase was affected the least. PEPC activities were suppressed more under the low light regime than was Rubisco. 
CO2 Labeling
To examine if light influences the partitioning of atmospheric CO2 between PEPC and Rubisco, whole leaves from plants grown under the two light regimes were continuously exposed to '4CO2 for up to 16 s and the initial photosynthetic products were analyzed (Fig. 1) . Extrapolation of the labeling curves to zero time showed that in the high light grown plants about 94% of the initial '4C-products were C4 acids (malate plus aspartate), and about 6% were C3 products (3-PGA plus sugar-phosphates). However of the preparations of each protoplast type from leaves grown under high or low light intensity was similar to that reported previously (5) (also see "Materials and Methods"). In terms of size and Chl content, the protoplasts of each cell type showed no noticeable differences with respect to growth conditions, and were similar to those isolated from leaves grown in a growth chamber (5).
On a Chl basis, photosynthetic enzyme activities in protoplasts isolated from leaves grown in both light regimes showed three general patterns of incomplete compartmentation (Tables IV and V) . First, PPDK, PEPC, and NADP-MDH, enzymes for the carboxylation phase of the C4 cycle, were highest in SMP, intermediate in LMP, and lowest in BSP (with the exception of PPDK from the high light grown leaves). Second, aspartate and alanine aminotransferases were present in higher activities in SMP and LMP, and in lower activities in BSP. Third, in contrast to the aminotransferases, activities of Rubisco and NADP-ME exhibited a reverse gradation with the highest activities being in BSP. In leaves from plants of both light regimes PEPC was mainly localized in the SMP and Rubisco and NADP-ME were predominantly found in the BSP, but the other enzymes showed substantial activities in all three cell types.
In general, compared to low light grown plants, enzyme activities were significantly higher in all leaf cell types from high light grown plants. Furthermore, leaves from the high light regime did have a more C4-like compartmentation of PPDK, PEPC, Rubisco, and NADP-ME between cell types than did leaves from the low light regime. Relative to low light grown leaves, leaves grown under high light have higher activity ratios of MP to BSP for PPDK and PEPC, and lower activity ratios for Rubisco and NADP-ME. Although the absolute activities of PEPC in BSP and Rubisco in mesophyll protoplasts were similar for both growth conditions, one should note that the activity ratios of PEPC to Rubisco were higher in mesophyll protoplasts and lower in BSP in high light grown leaves than in low light grown leaves. In contrast, the distributions of activities of NADP-MDH and the aminotransferases among cell types were similar in leaves from both light regimes.
DISCUSSION
At ambient levels of 02, plants grown under the two light regimes had similar rates of apparent photosynthesis when measured at a low light intensity. However, when measured under a high light intensity the high-light grown plants had much higher rates of photosynthesis (Table II) . Thus, leaves of F. brownii do show some capacity for photosynthetic light acclimation.
The activity of Rubisco has been shown to correlate with both the photosynthetic capacity ofmany sun-adapted species with C3 photosynthesis and with the variation in photosynthesis due to light acclimation (see Ref. 3 for review). Usuda et al. (31) have suggested that PPDK and Rubisco are ratelimiting enzymes in C4 photosynthesis during light acclimation in maize. In the present study, the activities of all the photosynthetic enzymes examined were well in excess of the photosynthetic rates, except that of PPDK from high light grown plants, which was very similar to the photosynthetic (Table II) . However, in the two C3-C4 Flaveria species included in this study, r increased as the light intensity was decreased during the assays, but was not influenced by the light intensity imposed during leaf growth (Table I) (4) have suggested that a light-dependent C02-recycling mechanism or a reduced rate of photorespiration at higher light intensity may occur in P. milioides. In F. brownii, apparent photorespiration (as determined from r) in high light grown leaves may in part be reduced by the mechanisms suggested by Brown and Morgan (4) and/or by a decrease in dark respiratory CO2 loss, but these factors cannot also explain the concomitant decrease in the 02 sensitivity of AP. Rather, in F. brownii these may be largely reduced by an increased expression of C4 photosynthesis when grown under high light (Table IV and V and Fig. 1 ) (see below for discussion).
It is intriguing why apparent photorespiration in the two C3-C4 Flaveria species examined is not influenced by growth irradiance as occurs in F. brownii (Table I) . Perhaps, unlike the case ofF. brownii which has a relatively high capacity for C4 photosynthesis, growth irradiance may exert little effect on the expression ofC4 photosynthesis in these two C3-C4 species. Whether growth irradiance influences photorespiration in other Flaveria species remains to be investigated.
F. brownii was initially classified as a typical C4 species (1, 25) . However, recent reports showed that leaves ofF. brownii lack strict intercellular compartmentation of several photosynthetic enzymes, including Rubisco and PEPC (2, 5, 13, 26) , and show a CO2 gas exchange response atypical of C4 plants (5, 13, 20) . Additionally, -20% of the atmospheric CO2 was estimated to be directly fixed into the C3 cycle by Rubisco in leaf mesophyll cells of chamber-grown (400 ME m-2 s-') plants of F. brownii (5) . Thus, more recently F. brownii has been suggested to be a C4-like species (5, 13) or a C4-like C3-C4 intermediate (20) . In this study, the carbon partitioning pattern was shown to be altered by the light intensity during growth: a more typical C4 pattern in high light grown leaves versus a partial fixation of CO2 directly through the C3 cycle in leaves grown in low light (Fig. 1) . Thus, light appears to increase the expression of the C4 cycle in F. brownii. These results are consistent with the shift of S'3C values resulting from changing growth conditions (see the introduction), and indicate that the photosynthetic mode in leaves ofF. brownii is altered by the light intensity imposed during growth. This alteration in photosynthetic pathway has not been observed in other nonsucculent higher plants during light acclimation (10) .
The biochemical basis for this environmental regulation in carbon metabolism in F. brownii is uncertain. The direct entry of CO2 into the C3 pathway could be due to a more leaky bundle sheath compartment which developed under low light during growth, thus allowing external CO2 to enter both mesophyll and bundle sheath cells simultaneously. The variation in 6'4C values among different C4 subgroups is thought to be related to the degree of leakage in the bundle sheath (11) . Thus, the shift in 613C values in F. brownii could reflect variations in leaf anatomy which affect bundle sheath conductance to CO2.
It is more likely that the direct fixation of some CO2 by Rubisco is due to the limited activity of a functional C3 cycle in mesophyll cells, as suggested to occur in chamber-grown leaves of F. brownii (5) . Leaves grown in either high or low light contain similar activities of Rubisco in the mesophyll cells, which presumably are capable of fixing atmospheric CO2 into C3 products (Tables IV and V) . However, the decreased labeling of C3 metabolites in high light grown leaves may be attributed to the much higher activity ratio of PEPC to Rubisco in these mesophyll cells, which allows atmospheric CO2 to be predominantly fixed into C4 acids. High light grown leaves also exhibited a more C4-like compartmentation of photosynthetic enzymes than did leaves grown in low light (Tables IV and V) . These results are in accord with the more C4-like carbon partitioning pattern observed in leaves grown under high light and the less C4-like pattern in leaves developed under low light (Fig. 1) . Thus, the more negative b'3C value in leaves of F. brownii when grown in winter may be explained by the co-functioning of C3 and C4 pathways in the mesophyll cells. This, presumably, would allow Rubisco to incorporate part of the CO2 in an "open system," resulting in a greater discrimination against '3C02.
Photosynthesis in C3 plants is especially limited under high light where the capacity for generating assimilatory power is excessive relative to the CO2 available (9) . The increased expression ofC4 photosynthesis in high light grown F. brownii may be most advantageous for providing a high concentration of CO2 at the site of Rubisco under such high light conditions. Since F. brownii is a perennial species with a relatively long growing season (25) , the ability to light-acclimate could be beneficial during seasonal changes in the environment.
The results obtained from this study indicate that F. brownii has some plasticity in its ability to fix atmospheric CO2 through different pathways, depending on the light environment. This plasticity may be due to a difference in the intercellular expression of principal photosynthetic enzymes.
Among terrestrial plants, shifts in photosynthetic mode are well documented in facultative CAM plants (24) , but are rarely found in nonsucculent higher plants. To date, Eleocharis vivipara is the only nonsucculent species discovered which has a habitat-dependent shift in photosynthetic pathways (30) . It performs C4 photosynthesis when inhabiting a terrestrial environment and utilizes the C3 pathway when in a submerged aquatic habitat. To our knowledge, the present study is the first report of plasticity in the pathway of C02 assimilation for terrestrial plants that principally use the C4 pathway. Whether other environmental variables, such as temperature and photoperiod, can cause a further shift between C3 versus C4 photosynthesis in this species awaits further investigation.
